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Propellant Densification
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• Propellant densification is cooling the propellant below the normal boiling point 
– Densified propellants can either be saturated or subcooled
• Propellant densification has two potential benefits
– Increased density for more mass in a given volume (more propellant)
– Decrease temperature for thermal energy buffer (extended storage)
• Two primary methods for producing densified propellants
– Vapor pumping for pressure control
– Refrigeration for temperature control
• SpaceX has been flying densified liquid oxygen for several years
• NASA has developed and tested hydrogen densification systems but have never 
been used in an operational mission
Densification Benefits
• Ability to store more 
propellant in a given 
volume
• Additional payload 
to orbit of 4.9% to 
17.5% for liquid, up 
to 26% for slush
• Enables advanced 
capabilities such as 
reusability            
(SpaceX Falcon 9)
3
Properties of para-hydrogen from RefProp Version 8
Image Credit: Google
GODU-LH2
• Ground Operations Demonstration Unit for Liquid Hydrogen 
(GODU-LH2) project began in 2012 to demonstrate:
1. Zero loss storage and transfer of LH2 at a large scale.
2. Hydrogen densification in the storage tank
3. Demonstrate in-situ hydrogen liquefaction
• System used Integrated Refrigeration and Storage (IRAS) approach
 Interface a cryogenic refrigerator to a liquid hydrogen storage   
tank via an internal heat exchanger
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GODU LH2 Densification Test Results
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• Densification was 
conducted at three 
different fill levels: 
46%, 67% and 
100%
• At the lower fill 
levels LH2 state hit 
the triple point, 
and slush was 
generated
• Temps were 
trending toward 
the TP at 100% 
also, but ran out of 
time in the 
schedule
GODU LH2 Densification Test Results
• 100% full test was cut 
short prior to reaching 
the triple point
 Densified 121,000 L of LH2
to 15.5 K in 300 hours
• 67% test densified 83,750 L 
to the triple point in 
roughly 300 hours
• 46% test densified 57,500 L 
to the triple point in 240 
hours
 Estimated 1,020 kg of ice 
was generated, or 25%   
solid-to-liquid mass 
fraction
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Depress Rates
0.003 bar/hr (0.05 psi/hr)
0.007 bar/hr (0.10 psi/hr)
0.010 bar/hr (0.15 psi/hr)
Max Refrigeration Ratio at NBPQ̇liftQ̇tank NBP ≈ 3.0 to 3.4
Propellant Densification for NTP missions
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• A major technology challenge in the NTP architecture is to develop a capability for long 
duration LH2 storage in space 
• Hydrogen densification during ground processing can be used to minimize this challenge
• Densification of the liquid hydrogen fuel below the normal boiling point has two potential 
benefits for the NTP Project
– Adds thermal energy buffer for extended duration storage
– Increased density for more propellant mass in a given volume
• Potential benefits to NTP architecture are being analyzed
– Thermal desktop used to estimate heat leak into the tank during different mission phases
– Calculated heat leaks are used to estimate LH2 heating and venting quantities during mission 
timeline
• Advanced planning for FY19 densified hydrogen loading demonstration 
– Partnership between KSC and MSFC
NTP Baseline Architecture
• Nuclear Thermal Propulsion mission 
baseline as defined by Aerojet
Rocketdyne in January 2018
• One core stage with NTP engine and 
smaller LH2 tank
• Three inline LH2 storage stages
• Habitat module
• Launches every six months 
• Assembled in Near Rectilinear Halo 
Orbit after 180 day orbital transfer
• Active thermal control of LH2 for zero 
boil off
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Baseline Architecture as defined 
by Aerojet Rocketdyne
Thermal Analysis
• Thermal desktop models with various boundary 
conditions to determine heat leak during different 
mission phases (ground hold, ascent, LEO, LDHEO, deep 
space)
– Rough approximation of vehicle tank and structure
– Pad hold assumes GN2 purge in payload fairing
– Piece-wise continuous ascent approximation
– Working to understand orbital transfer timelines
• Analysis reveals benefits of using composite struts 
as opposed to aluminum skirts
• Analysis shows less than 2% increase in heat leak 
going to densified LH2 temperatures (14K) 
• Results feed into mission mass and energy models
• Future paper at 2019 Cryogenic Engineering 
Conference
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Stage load case
aluminum 
skirt
composite 
struts
Pad (20K LH2) 17614.0 9422.6
Pad (14K LH2) 17841.7 9506.0
Ascent (14.7psia) 3802.6 150.1
Ascent (10psia) 3610.8 147.6
Ascent (5psia) 3238.8 142.8
Ascent (1psia) 2329.3 129.3
NRO
LDHEO
LEO beta=0
LEO beta=70
Pad (20K LH2) 47677.0 37209.8
Pad (14K LH2) 48203.7 37531.3
Ascent (14.7psia) 6508.0 296.4
Ascent (10psia) 6133.3 289.8
Ascent (5psia) 5418.1 276.2
Ascent (1psia) 3760.2 239.5
NRO
LDHEO
LEO beta=0
LEO beta=70
Note: no margin has been added to these results
Core Stage
Environmental heating rates (watts)
Inline Stage
Potential NTP Mission Benefit
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• Densification allows for a thermal energy 
buffer that can enable short term zero loss 
storage for NTP stages
– LH2 tank serviced on pad only to 
– No vent storage for up to 23 days in low 
Earth orbit (Q=600W)
– No vent storage up to 230 days in lunar 
distance high Earth orbit (Q=60W)
• Allows cryocoolers to be sized for 
smaller deep space heat loads
– Load tank up to 89% full and allow the liquid 
to expand
– Later launches can resupply hydrogen to 
early stages that had to vent, provided there 
is transfer capability between stages
Potential NTP Mission Benefit
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• Densification allows for re-supply of LH2 to 
orbital stages later in mission timeline
– Load tanks to 97% full with densified hydrogen 
and transfer between stages as liquid warms and 
expands
– Absorbing high heat leak from early mission 
phases can save as much as 4200 kg in 
representative mission models
– Allows up to 1660 kg of LH2 per inline stage
Future Densified Hydrogen Loading 
Demonstration
• Initial plan assumed Cryote III tank would be taken to KSC and 
tested with the Ground Operations Demonstration Unit for 
Liquid Hydrogen (GODU LH2) system
• Issues with Cryote III tank leakage required re-planning
• Re-scoped plan is to bring the GODU LH2 system to MSFC and 
test at TS-300 using Engineering Development Unit (EDU) tank
– Flight-weight tank but smaller volume than Cryote III
• Working with MSFC civil servants and Yeti Space contractor to 
define test plan for TS-300/EDU tank loading demonstration
– Allows for thermal/vacuum testing to simulate early mission 
profile
– Will have direct comparison tests between normal boiling point 
and densified hydrogen storage
– Characterize densified loading issues and timelines
• Refrigerator modifications are in work at KSC
– Integrating chiller and refrigerator into single container with 
common control systems
– Creating portable “plug and play” 900W at 20K refrigeration 
capability
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MSFC EDU Tank
KSC GODU LH2 System
Conclusions
• Densification of liquid hydrogen can be used to minimize boil off losses during 
representative Nuclear thermal Propulsion mission concepts
• Thermal analysis of core tank and in-line stages in work to determine overall 
mission heating rates
• First order mass and energy balance in work to create mission models for 
representative architectures
• Planning underway for densified hydrogen loading demonstration to be 
performed at MSFC in FY19
– Will use EDU tank and Test Stand 300 with thermal vacuum chamber
• Refrigeration modifications are in work at KSC
– Integrating chiller and refrigerator into single container with common control 
systems
– Creating portable “plug and play” 890W at 20K refrigeration capability to  
transport to MSFC for testing
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